a plethora of factors is involved in the maturation of newly synthesized proteins, including chaperones, membrane targeting factors and enzymes. Many factors act co-translationally through association with ribosome-nascent chain complexes (rncs), but their target specificities and modes of action remain poorly understood. We developed selective ribosome profiling (serp) to identify substrate pools and points of rnc engagement of these factors. serp is based on sequencing mrna fragments covered by translating ribosomes (general ribosome profiling (rp)), combined with a procedure to selectively isolate rncs whose nascent polypeptides are associated with the factor of interest. Factor-rnc interactions are stabilized by cross-linking; the resulting factorrnc adducts are nuclease-treated to generate monosomes, and then they are affinity purified. the ribosome-extracted mrna footprints are converted to Dna libraries for deep sequencing. the protocol is specified for general rp and serp in bacteria. It was first applied to the chaperone trigger factor (tF) and is readily adaptable to other co-translationally acting factors, including eukaryotic factors. Factor-rnc purification and sequencing library preparation takes 7-8 d, and sequencing and data analysis can be completed in 5-6 d.
IntroDuctIon
Nascent polypeptide chains undergo a variety of co-translational processing and maturation steps 1, 2 . N-terminal enzymatic modifications, such as the removal of N-terminal methionines by methionine aminopeptidases 3 and N-terminal acetylation by N-acetyltransferases 4, 5 , occur in both prokaryotes and eukaryotes. Structurally divergent ribosome-associated molecular chaperones, which include TF in bacteria and the Hsp70-and Hsp40-based ribosome-associated complex and the nascent polypeptide-associated complex (NAC) in eukaryotes, stabilize or assist in the folding of nascent polypeptides 2, [6] [7] [8] . Cotranslational membrane targeting of polypeptides is carried out, both in prokaryotes and eukaryotes, by the signal recognition particle (SRP) 9 . Ultimately, these co-translational processes determine the fate and functionality of newly synthesized proteins.
Little is known of how these factors engage nascent chains in a selective manner, and of how their activities are coordinated with the translation machinery and with one another. The identity of the substrate pool of each factor, the timing of factor engagement with nascent chains and the dependence of factor engagement upon environmental and cellular stresses are open issues of central importance for understanding protein biogenesis.
On the basis of a previously described RP protocol for eukaryotic cells 10 , we provide a modified protocol for analyzing translation in bacteria. Table 1 gives an overview of the differences between RP in prokaryotes and eukaryotes. On the basis of our RP protocol, we also describe a detailed protocol for SeRP, which enables the monitoring of co-translational interaction events between ribosome-associated or nascent chain-associated factors and their native substrates for both prokaryotes and eukaryotes. Not only does this method identify nascent substrates bound by each factor, but also it resolves the issue of when factor engagement occurs during peptide synthesis. Moreover, correlation of the binding events with features of the nascent chain can help identify parameters that control nascent chain interaction. Finally, by comparing the interaction profiles of various factors, SeRP can reveal the sequence of interactions necessary for the maturation of individual polypeptides.
RP and SeRP: an overview
RP reports on cellular gene expression levels more accurately than mRNA abundance measurements, such as microarray analyses or mRNA-seq alone, because it also captures translational regulation 11, 12 . In RP, polysomes are digested with a nuclease, which results in monosomes that protect ~30-nt-long mRNA fragments from degradation. Depending on the analysis, these ribosomeprotected footprints can provide different types of information. The sequence of each ribosome footprint represents one ribosome carrying one nascent chain of a defined length. Therefore, ribosome footprints, as a whole, resemble the total translatome. Moreover, the detection of footprints outside known open reading frames can lead to the identification of previously unknown and very short genes [11] [12] [13] [14] . The abundance of ribosomes at all positions along mRNAs, referred to as read density, provides information about the relative translation speed and the occurrence of pausing sites within genes 11, 15 , whereas the sum of read densities for each gene reports on relative gene expression levels. Finally, the distribution of ribosomes along an average message can be inferred by averaging read densities across all genes, a procedure referred to as a meta-gene analysis 11, 12 .
SeRP is a combination of RP 11, 12 with a selective purification of a subset of RNCs that are engaged by the factor of choice. Ribosomal footprints derived from SeRP directly reveal the interactome of the factor (i.e., the nascent chains that are bound by the factor during synthesis). The ratio of read densities of scoopula, and the entire scoopula, which holds the scraped cells, is transferred immediately into liquid nitrogen. This is the most crucial step of the procedure, and it should be completed within a few seconds. In our experience, if this takes too long, polysomes can be lost owing to the rapid adaptation of translation in response to the changing environment 19 .
We prepared samples according to both harvesting protocols on the same day and compared the translatome after sequencing. Expression levels from cells harvested the same way in two separate experiments were highly correlated (r = 0.99), whereas the correlation of gene expression levels between conventionally and rapidly harvested cells was lower (r = 0.90; Fig. 2a) . Upon rapid harvest of cells grown in LB medium, ribosomes mostly accumulate before or at serine codons owing to serine depletion 15 . Upon conventional harvest, the accumulation of paused ribosomes at serine codons and at native stalling sites, e.g., secM 20 and tnaC 21 , was lower compared with that of the rapid harvest case (Fig. 2b) , indicating a shift or loss of ribosomes during the conventional harvest. The observed effect might be due to differences in stalling efficiencies of chloramphenicol at specific codons 22 . This discrepancy is reflected by a lower correlation of global read densities from cells harvested using the two different protocols, whereas data collected in the same harvesting conditions were highly correlated (Fig. 2c) .
In a meta-gene analysis, we also observed differences in the average distribution of ribosomes along transcripts (Fig. 3a) . As seen in eukaryotic RP experiments using cycloheximide as the translation inhibitor 10 , we find a pronounced accumulation of ribosomes about six codons downstream of the initiation site, which indicates that initiation is not prevented during chloramphenicol pretreatment but ribosomes are stalled shortly thereafter. Finally, we analyzed how cell harvesting conditions affect the TF interactome. Importantly, the ratio of average read densities between the interactome and translatome was independent of how cells were harvested (Fig. 3b) . We conclude that cell growth and harvest procedures have a strong effect on the translatome and recommend the rapid harvest without chloramphenicol pretreatment as the superior procedure. If pretreatment with chloramphenicol or other translation inhibitors is not problematic, this step may be included in the rapid harvesting protocol before filtration. In such cases, the risk of losing polysomes or inducing translational adaptation before freezing the cells is minimal. Still, the conventional harvest approach may be the only available option for microorganisms that cannot be rapidly filtered.
Stabilization of nascent chain interactions by chemical crosslinking.
After harvest, cells are lysed in a mixer mill while frozen. For translatome analyses, the protocol proceeds directly to the nuclease digestion described in the next paragraph. However, in the case of SeRP, mechanistic details of how the factor of choice interacts with RNCs should be considered. Most factors interact only transiently with translating ribosomes owing to short half-life times of the relevant complexes. As a consequence, upon affinity purification (AP) of factor-bound RNCs, repeated binding and release cycles of the factor may create an artificial equilibrium that does not resemble the in vivo situation. This issue can be solved by the rapid stabilization of in vivo-formed complexes and by interfering with the formation or stability of new interactions. The method of choice to stabilize such complexes needs to fulfill several requirements: (i) it must be fast enough to prevent the onset of a new equilibrium after translation has ended or was stalled; (ii) it should not introduce a bias by stabilizing preferentially particular complexes; (iii) it must be specific enough to avoid the formation of artificial complexes; (iv) it must stabilize complexes throughout the purification procedure; and (v) it should not stabilize complexes of ribosomes with factors that do not interact with the nascent polypeptide. In the case of factors whose substrate binding is ATP-or GTP-dependent (e.g., Hsp70 chaperones and SRP), in vivo interactions can be stabilized and new interactions can be prevented by rapid ATP depletion using either apyrase or hexokinase and glucose 23, 24 . However, a universally applicable and effective method, which is also effective on ATP-independent factors (e.g., TF and NAC), is chemical cross-linking. Destabilizing non-native complexes or preventing their formation is most effectively achieved by choosing the appropriate conditions during ultracentrifugation (see 'Isolation of monosomes'). We developed comprehensive protocols for cross-linking a desired factor to RNCs after cell lysis (ex vivo cross-linking) or in vivo. For ex vivo cross-linking, the frozen cell powder is thawed in buffer containing the cross-linker to prompt rapid cross-linking. We tested a variety of different cross-linkers and obtained the best results in terms of efficiency and specificity using N-hydroxysuccinimide ester derivatives, such as the nonwater-soluble dithiobis [succinimidyl propionate] (DSP). DSP covalently links primary amines together (i.e., lysine residues and N-termini of nascent chains) and has a spacer arm length of 12 Å, which contains a disulfide bond. Consequently, adding a reducing agent to the cross-linked sample can reverse the cross-link-a feature that can be exploited for troubleshooting purposes (see TROUBLESHOOTING) or even as an elution strategy after AP (see 'Factor-RNC purification'). We carefully titrated the amount of DSP with the goals of (i) retaining a normal polysome profile (Fig. 4a) , (ii) not interfering with the downstream RNA digestion ( Fig. 4b) and (iii) enabling high cross-linking efficiency and recovery of cross-linked TF-RNCs (Fig. 4c) . The use of a fivefold excess of DSP with respect to its optimal concentration reduced the amount of purified TF-RNCs, which was made evident by (i) reduced levels of TF-nascent chain cross-links (appearing as a high-molecular-weight smear above the TF band under nonreducing conditions), (ii) decreased levels of TF under reducing conditions and (iii) a reduction in the amount of co-purified ribosomal proteins (Fig. 4c) . We observed a similar decrease in the efficiency of purified TF-RNCs when we reduced the DSP concentration to one-fifth of the optimal concentration (data not shown).
Another useful cross-linker is the water-soluble carbodiimide 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydrochloride (EDC). EDC is an irreversible zero-length cross-linker that covalently links primary amines with carboxyl groups. Apart from TF-nascent chain cross-links observed for DSP, EDC also generated considerable cross-links between TF and its binding partner, ribosomal protein L23 (Fig. 4d) , which was not observed for DSP. E. coli MC4100 ∆tig::Kan + pTrc-tig-TEV-Avi cells were grown in LB medium and harvested as described in the protocol for conventional (Step 1A) or rapid harvest (Step 1C). After lysis, the lysate was cross-linked ex vivo with DSP or EDC (Step 7B), polysomes were digested and ribosomes were isolated in a sucrose gradient ultracentrifugation (Step 18B). Then, footprint fragments were isolated and used to prepare a sequencing library (see supplementary Methods including rRNA depletion). Sequencing was performed on Illumina GAII. Data were analyzed as described in the basic analysis using a phred+64 quality score (Steps 35-40), followed by the specific data analysis (Steps 41-59). Here, ribosomes for the interactome sample were isolated in a sucrose cushion centrifugation (Step 18A) and subjected to affinity purification and TEV cleavage. Meta-gene analyses were calculated separately for interactome and translatome samples, as described in a. For TF enrichment efficiency, the ratio of interactome and translatome was calculated for every position along the average message. a.u., arbitrary units.
We tested the pull-down efficiency of TF-RNCs after crosslinking with different EDC concentrations, 0.125, 0.5, 1 and 4 times the standard concentration reported in the Procedure below. Increasing EDC concentrations led to higher cross-linking efficiencies (Fig. 4d) . However, over-cross-linking resulted in reduced quality or even a complete loss of detectable polysomes (data not shown). Therefore, we recommend performing a careful titration of the cross-linker concentration as exemplified in Figure 4c ,d. In addition, to avoid introducing a potential bias associated with the use of one specific cross-linker, we recommend using at least two different cross-linkers with different specificities and chemical properties. In the case of TF-SeRP, we did not observe substantial differences between EDC and DSP cross-linking 11 .
For the in vivo cross-linking protocol, only cross-linkers that penetrate the cell membrane can be used, such as DSP and disuccinimidyl suberate. However, these compounds usually react with amino or carboxyl groups of amino acids that are highly abundant in rich growth medium. Therefore, in vivo cross-linking requires cells to be grown in minimal medium lacking amino acids. We compared the cross-linking and pull-down efficiency of TF-RNCs after ex vivo or in vivo DSP cross-linking. In the first case, cells were treated with chloramphenicol and harvested by centrifugation, followed by lysis and cross-linking (conventional harvest). In the second case, cells were treated with chloramphenicol (for 5 s), followed by cross-linking (30 s), quenching (30 s), harvest by centrifugation and lysis. Filtration could be used as an alternative harvesting method. In both cases, TF-bound RNCs were purified after nuclease digestion and ribosome isolation. In vivo cross-linking yielded slightly higher amounts of TF-RNCs than ex vivo cross-linking (Fig. 5a) . Still, genome-wide measurements showed good agreement between the two cross-linking approaches (Fig. 5b,c) . In addition, read densities along individual genes, as The absorbance at 254 nm is plotted against the length of the gradient. '30S' and '50S' depict the peaks of the small and large ribosomal subunits, respectively. The monosome peak is labeled with '70S' . To compare polysome profiles quantitatively, the curves were normalized to the same area underneath all ribosomal peaks. Cross-links are abbreviated with 'X' . (c) Gel analysis of the DSP cross-linker titration. E. coli MC4100 ∆tig::Kan + pTrc-tig-TEV-Avi cells were grown in a volume of 200 ml of LB medium and harvested according to Step 1A. Cells were resuspended in 2 ml of buffer A (50 mM HEPES (pH 7.5), 1 M potassium acetate, 10 mM MgAc 2 , 1 mM PMSF, 1 mM chloramphenicol, 0.4% (vol/vol) Triton X-100, 0.1% (vol/vol) NP-40, 1 mg ml −1 lysozyme and 2.5 µg ml −1 RNase-free DNase I). Lysis and purification of TF-RNCs was performed as described including DSP ex vivo cross-linking (Step 7B) and sucrose cushion centrifugation (Step 18A) with the following exceptions: for cross-linking, either 3 mg of DSP ('1×'), 15 mg of DSP ('5×') or DMSO only ('−') was used. Ultracentrifugation was performed with 1 M potassium acetate instead of 1 M NaCl in the sucrose cushion buffer, causing the high amount of noncross-linked TF that co-pelleted without DSP addition ('−'). For AP, only half of the Strep-Tactin slurry and TEV protease were used. Either nonreducing ('nonred.') or reducing ('red.') sample buffer was used for SDS-PAGE. Gels were stained with Coomassie solution or used for western blotting with a polyclonal anti-TF antibody (laboratory collection). Cross-links are abbreviated with 'X' . (d) Gel analysis of the EDC cross-linker titration. E. coli MC4100 ∆tig::Kan + pTrc-tig-TEV-Avi cells were grown in 1 liter of LB medium, harvested as described in Step 1A, and resuspended in 6 ml of lysis buffer. Ex vivo cross-linking (Step 7B) was performed with 2.5 mM ('0.125×'), 10 mM ('0.5×'), 20 mM ('1×') and 80 mM ('4×') EDC. TF-RNCs were purified as described, including sucrose cushion centrifugation (Step 18A), eluted from the affinity matrix by boiling in reducing sample buffer and analyzed by SDS-PAGE or western blotting using polyclonal antibodies against TF and L23. Cross-links are abbreviated with 'X' . Ribos., ribosomal. a.u., arbitrary units.
well as meta-gene analyses, were similar ( Fig. 6) , indicating that both cross-linking methods are suitable alternatives. However, the in vivo cross-linking procedure has several disadvantages: (i) it requires higher amounts of cross-linker; (ii) the selection of cross-linkers that penetrate the membrane is limited; (iii) it is unclear to what extent cells can sense the cross-linker and respond to this stress by changing the translatome, and thus in vivo crosslinking requires pretreatment with chloramphenicol to preserve the translational status; and (iv) the most frequently used amine cross-linkers (such as DSP or disuccinimidyl suberate) react with free amino acids present in most growth media, limiting analysis to prototrophic cells grown in minimal medium.
Lysate clearing and nuclease digestion. In the next step, the lysate is cleared from cell debris and membranes by centrifugation. We observed that small amounts of ribosomes co-pellet during this clearance step, potentially because of the interaction with the translocon or membranes upon co-translational protein translocation. This loss of ribosomes was not affected by cross-linking (data not shown). Although this clearance step can, in principle, affect the translatome and interactome, it does not affect the relative factor-enrichment efficiency in SeRP. Still, experimenters should consider omitting this step for RNCs that potentially interact with membranes.
The clarified lysate is then digested with a nuclease to generate monosomes. Although RNase I is frequently used in eukaryotic cells 10 , this enzyme is inactive in bacteria 25 . Therefore, we use micrococcal nuclease (MNase) from Staphylococcus aureus. MNase can also be used in eukaryotic lysates, and, in fact, it leads to a reduced amount of rRNA contamination compared with RNase I (ref. 11). Furthermore, its activity can be regulated by calcium ions. A disadvantage of MNase is the sequence bias of its catalytic activity, which is 30-fold increased proximal to A or T 26 . Accordingly, ~80% of the sequenced mRNA fragments start with an A or T at the 5′ end, and the generated fragments are more heterogeneous in length than fragments derived from yeast lysates treated with RNase I (ref . 12; Fig. 7) . As a consequence, the use of MNase usually does not provide sub-codon resolution. Nevertheless, its use facilitated the identification of serine and Shine-Dalgarno-like sequences as major causes of ribosome pausing 15 .
The required amount of MNase has to be determined carefully, as increased nuclease activity (either caused by elevated amounts of enzyme, pH variation or increased digestion time) primarily results in increased rRNA contamination. Therefore, the activity of each new batch of MNase should be determined using an MNase activity assay (Box 1). Slight overdigestion was sometimes observed in interactome analyses, probably because of the incomplete inactivation of MNase upon EGTA addition (Fig. 7b,c) . rRNA contamination can be reduced by including an additional step in the library preparation protocol to remove the most prominent rRNA fragments using antisense oligonucleotides (see 'Preparation of a footprint fragment library'). By contrast, using insufficient amounts of MNase causes less stringent cleavage of ribosomal footprint fragments, which results in an increase in the length of footprint reads 15 . This effect may reduce the overall yield of ribosome footprints in the size-selective gel purification procedure and provide less accurate information on ribosome positions on mRNAs (see 'Preparation of a footprint fragment library').
As SeRP experiments analyzing TF function required large amounts of MNase, we developed an MNase overexpression and purification protocol (Box 2; Supplementary Fig. 2a,b) . We compared the self-purified MNase with the commercially available MNase in RP experiments and found that the enzymes have comparable activities and produce footprints of similar lengths ( Supplementary Fig. 2c-e) , but using the new MNase slightly reduced the percentage of rRNA contamination (data not shown).
Isolation of monosomes.
For determining translatomes by RP, monosomes are most effectively isolated by either sucrose gradient or sucrose cushion centrifugation. Sucrose cushion centrifugation pellets most ribosomal particles, whereas a sucrose gradient centrifugation enables the selective purification of monosomes from subunits and polysomes. In contrast, sucrose (a) Gel analysis of the TF-RNC purification after ex vivo ('Ex') and in vivo ('In') cross-linking. For ex vivo cross-linking, E. coli MC4100 ∆tig::Kan + pTrc-tig-TEV-Avi cells grown in LB medium were harvested as described in
Step 1A, and the lysate was cross-linked ex vivo with DSP (Step 7B). In vivo cross-linking was performed on cells grown in M9 minimal medium (Steps 1B and 7A). After affinity purification and TEV elution, samples were treated with reducing sample buffer before being loaded onto an SDS-PAGE for silver stain and western blotting using antibodies against TF and L23. Pictures from ex vivo and in vivo cross-linking were derived from the same gels and blots, but samples in between were cut out for this illustration. Cross-links are abbreviated with 'X' . (b,c) Scatter plots of gene expression levels and read densities comparing ex vivo and in vivo cross-linking. E. coli MC4100 ∆tig::Kan + pTrc-tig-TEV-Avi were grown in M9 minimal medium and treated as described in the protocol, including Steps 1B and 7A, for in vivo cross-linking, and Steps 1A and 7B, for ex vivo cross-linking. Ribosomes were isolated through a sucrose cushion centrifugation (Step 18A) or sucrose gradient centrifugation (Step 18B) for interactome and translatome, respectively. All downstream steps were done as described in the protocol and in the legend of Figure 2 , including the calculation of gene expression levels (b) and read densities in protein coding regions (c). Cross-links are abbreviated with 'X' .
cushion centrifugation enables researchers to process larger amounts of cell lysates and is less demanding in terms of the instrumentation required. After monosome enrichment, footprint fragments can be directly isolated. For interactome analyses in SeRP experiments, we also recommend isolating monosomes first and using them as starting material for the pull-down of factor-RNCs. Although the purification of factor-RNCs can be performed using total lysate, starting with purified ribosomes has several advantages. First, the starting material for the factor-RNC purification directly resembles the total translatome. Second, ribosome isolation can eliminate excess free factor that is not associated with RNCs. Although free factors in principle do not interfere with the outcome of the RNC purification, they will compete for binding sites during AP. This competition reduces the yield of purified complexes and must be compensated by scaling up the amount of affinity matrix, which increases the probability of unspecific binding. Finally, the ribosome isolation procedure can help eliminate factor-RNCs that formed during the purification procedure. Prerequisite to eliminate such interactions is a higher stability of in vivo formed complexes, for instance, as a consequence of chemical cross-linking. Non-cross-linked complexes can then be stripped away, for example, by performing the ribosome purification step in high salt concentrations. For the purification of TF-RNCs in SeRP, we chose to perform a sucrose cushion centrifugation with a concentration of 1 M NaCl to recover enough material as input for the purification and to reduce the amount of non-cross-linked TF.
We explored the impact of different salts and salt concentrations on ribosome distribution along mRNAs by monitoring polysome profiles. The amount of NH 4 Cl salt in the gradient buffers (100 mM or 1 M) had a minimal impact on the polysome profiles (Fig. 8a) . Similarly, a low concentration of NaCl (100 mM) resulted in only modest differences compared with a low concentration of NH 4 Cl (100 mM) (Fig. 8b) . By contrast, elevating the NaCl concentration from 100 mM to 1 M changed the polysome profile markedly (Fig. 8b) . In the presence of 1 M NaCl, the abundance of 70S ribosomes was greatly reduced and the amount of 50S subunits increased to an extent similar to the 70S ribosome reduction, which suggests that NaCl partially disassembles monosomes. This salt effect was similarly observed in sucrose cushion centrifugations with an even more pronounced effect (continued)
occurring with high-salt NaCl (Supplementary Fig. 3 ). To explore whether high NaCl concentration solely affects inactive ribosomes or translating ribosomes as well, we compared the translatome from samples prepared via sucrose cushion centrifugation containing high NaCl concentration or low NH 4 Cl concentration.
Gene expression levels and read densities were similar between the samples (Fig. 8c,d) . However, comparison of meta-gene analyses revealed a specific loss of reads close to the start codon, and at the stop codon if sample preparation included a purification step with 1 M NaCl (Fig. 8e) , which suggests that ribosomes at the beginning and end of a transcript are less salt resistant than those located elsewhere along the transcript. Therefore, we recommend a careful titration of the salt concentration and propose using a high concentration of NaCl only if it is necessary for the depletion of non-cross-linked factor, as in the case of TF. In general,
we recommend using the same buffer and centrifugation conditions for the purification of ribosomes for both translatome and interactome analysis.
Factor-RNC purification. The specific purification of factorRNCs is one of the key steps in SeRP. The purification can be carried out via immunoprecipitation (IP) or AP, but which approach to be used has to be determined for each factor. An IP is simpler to implement because it does not require any tagging of the factor. Whether IP can be implemented depends on the availability of an antibody that binds the folded factor stably enough to remain bound through the several washing steps necessary for the specific purification of the factor-RNCs. If the antibody recognizes the unfolded factor during its synthesis, it will also facilitate the purification of ribosomes synthesizing the factor. Digested lysate was loaded onto sucrose gradients (Step 18B) with different salts or salt concentrations: 100 mM NH 4 Cl ('low NH 4 Cl'), 1 M NH 4 Cl ('high NH 4 Cl'), 100 mM NaCl ('low NaCl') and 1 M NaCl ('high NaCl'). '30S' and '50S' depict the peaks of the small and large ribosomal subunits, respectively. The monosome peak is labeled with '70S' . Polysome profiles were normalized to the area under the curves, as explained in the legend of Figure 4a ,b. (c-e) Comparison of translatomes prepared under different salt conditions. Lysates were prepared and digested as in (a,b). Digested lysates were loaded onto sucrose cushions containing either 1 M NaCl ('high NaCl') or 100 mM NH 4 Cl ('low NH 4 Cl'). Sequencing libraries (without rRNA depletion) were prepared and data were analyzed as described in the protocol. Gene expression levels (c), read densities in protein coding regions (d) and meta-gene analyses (e) were performed as described in the legends of Figures 2a,c and 3a, respectively. a.u., arbitrary units.
Box 2 | (continued)
The first attempts at purifying TF-RNCs we made were based on IP using a polyclonal anti-TF antibody together with protein A-Sepharose beads (CL-4B, GE Healthcare). To specifically track the isolation of nascent or newly synthesized polypeptides, we performed radioactive labeling experiments followed by in vivo DSP cross-linking, sucrose cushion centrifugation and IP. By using this approach, we were able to specifically pull down TFRNCs from an Escherichia coli MC4100 wild-type strain upon DSP cross-linking (Fig. 9a, lanes 1 and 5) . We also found out that without cross-linking, mainly free TF was purified (Fig. 9a,  lanes 2 and 6) . As expected, no background binding of ribosomes was detectable in a TF deletion strain (∆tig; Fig. 9a, lanes 3, 4, 7 , and 8). However, when scaling up the IP reaction, we observed a higher background of unspecifically bound ribosomes, which could not be reduced by additional washing steps without losing TF-RNCs (data not shown). Therefore, we chose AP as the preferred approach for TF-RNC purification.
AP requires fusing an affinity tag to the factor of interest. Provided that the functional integrity of the factor is preserved, we recommend using C-terminal tags, as they prevent the isolation of RNCs engaged in the synthesis of the factor itself. Suitable tags should be small, they should confer high affinity toward the matrix and they should not interfere with factor function or ribosome interaction. In this respect, polyhistidine tags should be avoided, as they, in our experience, often promote or stabilize ribosome interactions. In particular, low-pH buffers can facilitate electrostatic interactions between the negatively charged ribosomal surface and the positively charged histidine tag. For TF analysis, we chose the AviTag (Avidity)-a sequence that is biotinylated in vivo by the endogenous biotin ligase BirA. The biotinylated AviTag binds with extremely high affinity to streptavidin, avidin (dissociation constant <10 −14 M) and Strep-Tactin (IBA). This high affinity enables the use of extensive washing steps. However, depending on the amount of protein synthesized, biotinylation may not be very efficient, resulting in a subpopulation of factor that cannot bind to the affinity matrix (see TROUBLESHOOTING). Biotinylation efficiency may then be increased by supplementing the growth medium with biotin and expressing the biotin-ligase BirA from a plasmid (pBirAcm, Avidity).
By using TF-RNCs, we tested different affinity matrices to evaluate their binding efficiency. We compared Strep-Tactin Sepharose (IBA) with four different streptavidin matrices (Dynabeads, M270, M280, MyOne C1 and MyOne T1, Invitrogen, cat. no. 658.01D). The amount of purified AviTagged TF was indistinguishable between the different matrices (Fig. 9b) . However, the amount of co-purified RNCs varied extensively, with binding properties of Strep-Tactin Sepharose being most suitable to pull down the high-molecular-weight fraction of the TF-RNCs. Furthermore, background binding of ribosomes derived from a control strain expressing untagged TF was lower with Strep-Tactin Sepharose than with any of the streptavidin matrices. For the purification of other factor-RNCs, the most efficient beads need to be identified in a similar way.
The specificity of the AP can be increased by inserting a tobacco etch virus (TEV)-protease cleavage site between the factor and the AviTag. This stratagem enabled us to specifically elute TF-RNCs in a short time and under mild conditions using TEV protease (Box 3 and Supplementary Fig. 4 for purification of TEV protease). The eluate is then directly used for phenol-chloroform extraction of the mRNA footprint fragments. Such highly specific two-step purification of factor-RNCs cannot be achieved by IP. Radioactive labeling experiments were performed as described in the legend of supplementary Figure 1 for sample 1, including controls of non-cross-linked samples and E. coli MC4100 ∆tig::Kan strain. After ultracentrifugation, resuspended ribosomes were subjected to IP using 50 µl of a 50% protein A-Sepharose slurry and 10 µl of a polyclonal anti-TF antibody (lab collection). After incubation for 1 h at 4 °C, the matrix was washed twice for 10 min each with wash buffer and once with PBS containing 1 mM chloramphenicol and 10 mM MgAc 2 . TF-RNCs were eluted by boiling them in nonreducing ('non-red.') or reducing ('red.') sample buffer and separated on a 10% (wt/vol) tricine gel. The gel was Coomassie-stained and dried for autoradiography. Cross-links are abbreviated with 'X' . (b) Different affinity matrices vary in their efficiency to pull down TF-RNCs. A volume of 1 liter of MC4100 ∆tig::Kan + pTrc-tig or pTrc-tig-TEV-Avi cells was grown in M9 minimal medium to an OD 600 of 0.45. Translation was arrested with 1 mM chloramphenicol, followed by in vivo cross-linking using 2.5 mM DSP for 30 min at 37 °C and cross-linker quenching with 20 mM Tris (pH 7.5) for 5 min. Cells were harvested by centrifugation and resuspended in 6 ml of buffer B (50 mM Tris (pH 7.5), 1 M potassium acetate, 10 mM magnesium acetate, 1 mg ml -1 lysozyme, 1 mM PMSF, 1 mM chloramphenicol, 0.4% (vol/vol) Triton X-100 and 0.1% (vol/vol) NP-40). Lysis and nuclease digestion were performed as described in supplementary Figure 1 . Ultracentrifugation was done as described in Step 18A, with 1 M potassium acetate instead of 1 M NaCl in the sucrose cushion buffer. The pellet was washed once with buffer C (50 mM Tris (pH 7.5), 100 mM potassium acetate, 10 mM magnesium acetate, 1 mM chloramphenicol, 1 mM PMSF, 0.4% (vol/vol) Triton X-100 and 0.1% (vol/vol) NP-40) and resuspended in 5 ml of buffer C overnight on ice. Ribosomes were split into five aliquots and incubated with different affinity matrices for 1 h at 4 °C on an overhead roller: 120 µl of a 50% slurry of Strep-Tactin-Sepharose (lane 1) or 120 µl of four different Dynabeads, M270 Streptavidin (lane 2), M280 Streptavidin (lane 3), MyOne Streptavidin C1 (lane 4) and MyOne Streptavidin T1 (lane 5). Beads were washed three times with buffer C. TF-RNCs were eluted by boiling in reducing sample buffer, and then they were analyzed by SDS-PAGE and western blotting using polyclonal antibodies against TF and L23. Ribos., ribosomal.
Box 3 | Overproduction and purification of TEV protease with C-terminal His-tag • tIMInG 3 d
 crItIcal The molecular weight of TEV protease (including His 6 -tag) is 33.4 kDa. The pI of the protein (including His 6 -tag) is 8.8 (supplementary Fig. 4). cell growth 1. Inoculate 1.5 liters of TB medium containing 1.5 ml of 100 mg ml −1 ampicillin according to the manufacturer's instructions in a 5-liter Erlenmeyer flask with a 15-ml culture of strain E. coli BL21(DE3) transformed with plasmid pTH24TEVsh (ref. 42 ) in stationary phase (grown at 30 °C). 2. Grow the culture at 30 °C until an OD 600 of 0.45-0.6 has been reached (~6 h). 3. Collect a 1-ml sample of the culture to be used as uninduced control for SDS-gel analysis. 4. Centrifuge the uninduced control sample at 16,000g for 1 min at 4 °C in a tabletop centrifuge. Discard the supernatant. 5. Resuspend the cell pellet from step 4 in 70 µl of reducing sample buffer. 6. Incubate the mixture for 10 min at 95 °C in a thermomixer. Keep it on ice until SDS-gel analysis (steps 11 and 12 below).  pause poInt This sample can be stored at −20 °C for years. 7. Shift the incubation temperature of the culture from step 2 to 20 °C. 8. Add 1 ml of 1 M IPTG to the culture to induce the expression of TEV protease. 9. Grow the culture for 16 h at 20 °C (culture will reach stationary phase). 10. Take a 100-µl sample of the culture from step 9 as induced control and proceed as in steps 4-6. 11. Centrifuge the uninduced and induced controls from steps 6 and 10, respectively, at 20,000g for 2 min at RT in a tabletop centrifuge. Do not remove the supernatant. 12. Load 10-µl aliquots of each uninduced and induced sample (from step 11; corresponding to ~0.1 × 10 9 cells) to a 14% (wt/vol) SDS gel. Run and stain the gel with Coomassie to check TEV protease expression. 13. Centrifuge the culture from step 9 in 1-liter centrifuge tubes at 3,620g (4,500 r.p.m.) for 10 min at 4 °C in an F9 rotor. Discard the supernatant. 14. Transfer the cell pellets into one 50-ml conical tube by using a rubber scraper. 15. Flash-freeze the cell pellet in the conical tube in liquid nitrogen and store it at −80 °C.  pause poInt The cells can be kept at −80 °C for up to 6 months. streptomycin sulfate precipitation to precipitate nucleic acids 22. Weigh 2 g of streptomycin sulfate and dissolve it in 10 ml of lysis buffer TEV. 23 . Stir the clarified cell lysate from step 20 in a beaker placed in ice. 24. Slowly add 7 ml of the streptomycin solution from step 22 to the lysate. 25. Stir the resulting solution for 20 min while the beaker is kept in ice. 26 . Centrifuge the solution from step 25 in SS34 tubes at 12,000g (10,000 r.p.m.) for 30 min at 4 °C in an F21 rotor. Recover the supernatant (nucleic acid-free lysate). 27. Collect a sample of the nucleic acid-free lysate for SDS-gel analysis as described in steps 18 and 19. 28 . Use a Ni-IDA resin (Protino) for His-purification. Weigh 3 g of Protino in a 50-ml conical tube. 29. To equilibrate the Protino resin, add 30 ml of lysis buffer TEV, invert the tube to resuspend the Protino, let the Protino settle down for a few minutes and remove the supernatant by pipetting. Repeat this equilibration step two more times. 30. Add the nucleic acid-free lysate from step 26 to the Protino. 31. Invert the Protino plus lysate prepared in step 30 for 20 min on an overhead roller at 4 °C. 32. Put the tube on ice. Let the Protino settle down. 33. Remove the supernatant (unbound fraction) by pipetting. 34 . Collect a sample of the unbound fraction for SDS-gel analysis as described in steps 18 and 19. 35. Add 30 ml of wash buffer TEV1 to the Protino, invert a few times to resuspend the Protino, place the tube on ice and let the Protino settle down; remove the supernatant by pipetting. Repeat this procedure once more.
His-tag purification
(continued)
or any other cleavable cross-linker, RNCs can be eluted from the matrix by cleaving the spacer arm of the cross-link (in case of DSP through the addition of reducing agent). Otherwise, ribosomal footprint fragments are eluted directly from the beads via phenolchloroform extraction. Implementation of this procedure might, however, increase the background noise by co-purifying footprint fragments derived from nonspecifically bound ribosomes.
Preparation of a footprint fragment library. After the isolation of ribosomes, mRNA footprint fragments are extracted and converted into a deep-sequencing library (Fig. 10a) . This procedure is based on the previously published RP protocol for eukaryotic cells 10 , and thus we focus on the adjustments needed for RP of prokaryotes. A detailed protocol for the preparation of a footprint fragment library is included in the Supplementary Methods.
mRNA footprint fragments are isolated either using an miRNA isolation kit (Qiagen, miRNeasy kit, cat. no. 217004) as described by Ingolia et al. 10 or by acid phenol extraction. The extracted RNA is then run on a denaturing polyacrylamide gel and footprint fragments are excised. Apart from the conditions of the MNase digestion, the size range that is excised from the gel is the major determinant of footprint length distribution. A nuclease protection assay using radioactively labeled mRNA showed the accumulation of ~30-nt-long footprint fragments upon increasing MNase concentration (see Supplementary Fig. 2b inset in Li et al. 15 ). This evidence agrees well with an average footprint length of ~31 nt in our RP experiments. Therefore, we recommend excising a gel fragment that contains RNAs of 25-40 nt in size (Fig. 10b) . In special cases, it can be desirable to excise a gel region containing smaller RNAs, for instance, if a different nuclease is used or a more Box 3 | (continued) 36 . Add 30 ml of wash buffer TEV2 to the Protino, invert a few times to resuspend the Protino, place the tube on ice and let the Protino settle down; remove the supernatant by pipetting. vigorous nuclease digestion is performed. However, the Gaussian distribution we obtained in our RP experiments suggests that most footprint fragments lie within the described range (Fig. 7b,c) .
The isolated fragments are subsequently dephosphorylated at their 3′ end using T4 polynucleotide kinase and then run on a Bioanalyzer small RNA chip to measure concentration and quality ( Supplementary  Fig. 5 ). 5′-adenylated DNA-Linker L1 is ligated to the 3′ end of the footprint fragments with truncated T4 RNA ligase 2. This enzyme specifically ligates the adenylated 5′ end of DNA or RNA to the dephosphorylated 3′ end of RNA, which is the footprint fragment. Furthermore, the 3′ end of linker L1 is blocked with a dideoxyribose to avoid circularization of the linker and the consecutive ligation of several linker molecules. Ligation products are separated from nonligated footprints and linker by denaturing PAGE, and they are excised from the gel (Supplementary Fig. 5b ). Linker L1′L2′ is hybridized to linker L1, after which footprint fragments are reversetranscribed using Superscript III. The RNA pool is hydrolyzed by high pH and temperature. Reverse-transcribed products are separated from the nonligated linker by denaturing PAGE, and the single-stranded DNA is excised from the gel (Supplementary Fig. 5c ). Next, DNA is circularized by CircLigase. The amount of rRNAderived DNA can be depleted with the help of biotinylated antisense oligonucleotides that are pulled out via magnetic Dynabeads (Fig. 7b,c) . This step can be skipped if the samples contain only small amounts of contaminating rRNA, which depends on the amount and activity of the nuclease added. In Supplementary Table 1, a list of E. coli-specific antisense oligonucleotides is provided. The use of the rRNA depletion method does not influence the distribution of all non-rRNA reads in ORFs (Supplementary Fig. 6 ). A PCR is performed to amplify the circularized, single-stranded DNA and to introduce a bar code using Phusion polymerase (see Supplementary  Table 2 for PCR primers; Illumina-compatible oligonucleotides are listed in Supplementary Table 3) . PCR products are gel-purified (Supplementary Fig. 5d ) and quantified with a Bioanalyzer highsensitivity DNA chip (Supplementary Fig. 5e ). Finally, they are sequenced with sequencing and bar-coding primers.
Sequencing analysis. Sequencing reads are separated according to their bar codes. The Cutadapt algorithm 27 is then used to trim linker L1 from the 3′ end of the reads. The reads are aligned to a reference sequence containing only rRNA genes, and unaligned reads, which now lack the rRNA sequences, are aligned to the genome using Bowtie 28 , or, if eukaryotic SeRP data are analyzed, Bowtie 2 (ref. 29) . We recommend using Bowtie on data from experiments on prokaryotic samples, as it works best for small genomes and sequencing reads with an average length of 35 nt. When you are analyzing data from eukaryotic samples, we recommend using Bowtie 2, because it takes into account insertions and deletions that occur during splicing. Furthermore, Bowtie 2 is more efficient for larger genomes. We generally perform all further processing steps with our self-written Python scripts that are provided in Supplementary Notes 1-14 .
A critical step in the analysis (Step 42 in the protocol; Supplementary Note 2) involves the use of a specific scoring system, a center-weighted strategy for counting each read. Center-weighting can better locate the position of the ribosomal A-site and P-site than a simple counting at the 5′ end of the read, because only the midpoint (center) of a footprint fragment is scored. Center-weighting also takes into account the heterogeneous read lengths after MNase digestion and size selection. To this end, every footprint receives the same score regardless of length. If the read is longer than the defined minimum length (23 nt), the position of the ribosome cannot be clearly assigned. To this end, 11 nt from either end are removed and the score of the footprint is distributed equally among the remaining nucleotides. This scoring system was successfully used to verify well-known pause sites, such as stop codons and nascent chain-mediated stalling sites 15 . In addition, it facilitated the detection of pausing at serine codons upon starvation and of Shine-Dalgarno-like sequences as general ribosome pausing sites 15 . Center-weighted scores can be used for downstream analyses, which include the calculation of gene expression levels (Steps 46-49, Supplementary Notes 4 and 5), normalized read densities along the genome or in protein coding regions (Steps 50-55, Supplementary Notes 6-11 ) and the average read density in a meta-gene analysis (Steps 56-58, Supplementary  Notes 12 and 13) . Comparisons of interactome and translatome samples can be performed by calculating factor-enrichment efficiencies along the genome (Step 59, Supplementary Note 14) .
Comparison of SeRP with other approaches
SeRP can better capture cellular factor-RNC binding events in terms of both precision and scale than conventional methods to determine nascent chain interactions. In classical in vitro crosslinking experiments, the appearance of cross-linking products is used to explore interactions of factors with selected nascent chains. The use of stalled ribosomes exposing nascent chains of defined lengths 30 enables researchers to determine the minimal length of the nascent chain required for factor binding. However, such in vitro experiments may not accurately reflect the dynamics of interactions occurring in the cell. For example, results from studies using stalled nascent chains have suggested that TF and SRP can coexist on ribosomes and compete for nascent substrates 31, 32 . SeRP experiments instead revealed that TF probably binds only after SRP has been released from translating ribosomes 11, 33 .
Other attempts to identify in vivo substrates of factors interacting with nascent chains (in particular chaperones) have relied on co-purifications and/or analyses of protein aggregates formed in deletion mutants 24, [34] [35] [36] [37] . Identification of such co-purification products and aggregates through state-of-the-art mass spectrometry instrumentation has been highly informative, yielding the identities of hundreds of substrates. These approaches, however, cannot differentiate between contacts made during translation and those made after it (i.e., co-translational versus posttranslational substrates), and they do not provide any information on the coordination of interactions with the translation process (i.e., at what length nascent chains are contacted).
Two studies were recently performed in yeast to identify the co-translational substrates of the ribosome-associated factors NAC, SSB and SRP 38, 39 . In these studies, complexes of factors associated with translating ribosomes were purified. By using DNA microarrays, co-purified, full-length mRNAs were used to identify the nascent substrates of these factors. Although these studies provided insight into the co-translational interactomes of three nascent chain-associated proteins, they could not determine the nascent chain length requirements for the interactions to occur.
New applications of SeRP
Although cross-linking and purification efficiencies may vary for every factor that is analyzed, SeRP should be readily adaptable to the investigation of other co-translationally acting factors, both nascent chain-associated and ribosome-associated. These factors, in principle, include all nascent chain-interacting chaperones, membrane-targeting factors, processing enzymes and proteases. By comparing individual substrate specificities, and, more importantly, by determining the time frames of individual binding and release events, it should be possible to unravel the order of binding of various co-translationally acting proteins and to determine how they affect each other's function. Forcing cells to grow in suboptimal conditions (e.g., via chromosomal deletions or stress) can report on cellular plasticity of protein biogenesis, including how substrate pools change and binding specificities of co-translationally acting proteins are adjusted to cellular needs.
Limitations
The main challenge of SeRP is to stabilize and purify complexes of the factor of interest with ribosomes and nascent chains without introducing a bias. Biases may be introduced by protein tags that affect functionality, by chemical cross-linking owing to amino acid specificity of most cross-linkers, and by long purification protocols that facilitate either loss or establishment of new interactions.
An important question when studying the interactions of factors with ribosomes and nascent chains is whether the detection of an interaction with a ribosome in all cases reflects an interaction also with the nascent chain. This question is of particular relevance for factors that are present in approximately equimolar concentrations to ribosomes. In these cases, factors could be bound to ribosomes irrespective of specific nascent chain interaction. Such a limitation of SeRP can be overcome by developing selective cross-linking or purification conditions that differentiate between these types of binding events and select complexes involving nascent chain interactions (e.g., high-salt washing). In the case of TF, the two cross-linkers DSP and EDC enabled the stabilization of only nascent chain interactions (DSP) or of both ribosome and nascent chain interactions (EDC) 11 . A lack of reads at the beginning of protein coding regions (until the ribosome has translated an N-terminal fragment of the nascent chain that can be recognized by the factor) can be inferred as a reasonable indication of specific factor recruitment (Figs. 3b and 6c) .
Another limitation of the present protocol might be low yield of purified complexes. This low yield can be due to very weak and transient interactions, low abundance of the factor or a limited substrate pool. Transient interactions might be stabilized by low temperatures, by chemical cross-linking or, if the interactions are controlled by nucleotide binding, by quick hydrolysis of the nucleotide pool 24 (see TROUBLESHOOTING) .
Finally, the purification procedure itself might be a limitation of the protocol. IP has the advantage that the endogenous protein present in the wild type is analyzed. However, this procedure is often associated with limited purity and quantity of the isolated complexes. Small tag sequences facilitating highaffinity purification procedures may, therefore, be the better alternative, as long as the tag does not interfere with function or ribosome interaction. library preparation and deep sequencing • tIMInG 6-7 d 34| Proceed with the preparation of a double-stranded DNA library for deep sequencing, which includes size selection of the footprint fragments, fragment dephosphorylation, linker ligation, reverse transcription and RNA hydrolysis, DNA circularization, rRNA depletion and PCR amplification and addition of bar codes. As these procedures are similar to those described in the protocol by Ingolia et al. 10 , their step-by-step descriptions are not provided in the main text of this protocol but in the supplementary Methods starting at step 1. Alternatively, it is essentially equivalent to proceed with step 13 of Ingolia et al. 10 . Finally, samples are sequenced on Illumina HiSeq or GAII instrumentation according to the manufacturer's protocol (step 96 in the supplementary Methods). After sequencing, data are first analyzed using basic data analysis tools (Steps 35-40), followed by specific data analysis using the provided Python-based scripts (Steps 41-59).
basic data analysis after sequencing • tIMInG ~2 d  crItIcal The following Steps (35-59) describe the computational analysis for prokaryotic RP data. For the analysis of eukaryotic data, refer to Ingolia et al. 10 .
35|
Preprocess the sequencing data with CASAVA 1.8 (Illumina software package): Discard low-quality reads. Sort the sequencing data according to their bar codes.
36|
Use Cutadapt 27 to trim the linker sequence derived from sequencing parts of linker L1 (see Fig. 10a ) from the 3′ end of the footprint. Sequences are identified as linker-derived and removed if they match to six or more bases from the 5′ end of the linker. Allow 0.15 mismatches per nucleotide. Sort out reads shorter than 7 nt after trimming. Write reads that could not be trimmed into a new file. bowtie-build <filename>.fna <name of rRNA index> 38| Exclude reads derived from rRNA contaminations from further analysis by aligning all trimmed sequencing reads (from Step 36) to the rRNA index. Collect and continue with all unaligned reads. Selection for best alignments is only necessary if the information of rRNA reads is used for further analyses. Selection for unique alignments should not be done here. Allow up to two mismatches in the default seed region (28 nt). If sequencing reads were generated with an version older than CASAVA 1.8, a different Phred quality score needs to be specified for the alignment, e.g. '--phred64-quals' for CASAVA 1.3 and 1.5 (e.g., for sequencing on Illumina GAII without bar codes):
bowtie --best --un <filename_unaligned>.fastq <name of rRNA index> <filename_input>.fastq <filename_output>.map 39| Generate an index of the whole genome as reference sequence in Bowtie. Download the .fna file of the complete genome from the National Center for Biotechnology Information (NCBI) (e.g., NC_012759.fna for E. coli MC4100 MuLac (BW2952) or NC_000913.fna for E. coli MG1655):
bowtie-build <filename>.fna <name of genome index> 40| Align rRNA-depleted reads from Step 38 to the reference genome using Bowtie. Select for unique alignments if desired. Allow up to two mismatches in the default seed region (28 nt). Write unaligned reads and reads that align more than once into separate files. Use the default Bowtie output:
bowtie -m 1 --best --strata --un <filename_unaligned>.fastq --max <filename_morealigned>.fastq <name of genome index> <filename_input>.fastq <filename_output>.map (in million) to calculate RPM-normalized read densities for plus and minus strands. These files can then be uploaded to genome browsers such as MochiView 41 (http://johnsonlab.ucsf.edu/mochi.html).
51|
Compile complete lists of RPM-normalized read densities including all positions along the genome for plus and minus strand according to supplementary note 7; use output files from Step 50 as input. Create such lists by adding all genomic positions without any assigned read density to the RPM lists and ascribing zero to them. For alignments to the start codon, select center-weighted read densities from, for instance, 50 nt upstream to 1,500 nt downstream of each start codon or until the stop codon is reached (for shorter genes). For alignments to the stop codon, begin, for instance, 1,500 nt upstream or directly at the start codon (for shorter genes) until 50 nt downstream of the stop codon. If a certain gene length is required, exclude genes shorter than this length (400 nt in TF-SeRP).
52|

57|
Determine the average read density per base (depending on the expression level) for each gene by summing up all read densities within this gene divided by the length of the gene according to supplementary notes 12 and 13. This approach can be adjusted to special cases. For TF-SeRP, we counted the sum of read densities between 280 and 400 nt, and divided it by 120, because of the lack of reads in the beginning of translation for the TF interactome. Similar adjustments can be performed for other factors, depending on their characteristics of binding to RNCs. For alignments from the start codon, divide the positions from −50 to 1,500 nt (or to the stop codon if the gene is shorter) by the average read density per base for this gene to normalize all genes to their expression levels. For alignments to the stop codon, use positions from −1,500 nt (or begin at the start codon if the gene is shorter) to 50 nt.
58|
Calculate the sum of normalized reads for every single position from −50 to 1,500 (stop codon alignments: −1,500 to 50) from all genes according to supplementary notes 12 and 13. Divide this sum for every position from −50 to 1,500 (stop codon alignments: −1,500 to 50) by the number of times (i.e., how often) this position was counted.
59|
Calculate the enrichment efficiency as the ratio of read densities from interactome and translatome for every position of RPM-normalized read densities along the whole genome or in protein coding regions according to supplementary note 14; use output files from Step 51 or 52 as input. Because many genes are marked with regions lacking continuous read density, read densities at each position can be blurred by including the scores from the neighboring positions. In the case of TF-SeRP, we added the read densities of the ±20 neighboring positions to each individual position along the genome.
? troublesHootInG step 1c(iv)
If the membrane is still wet, the cells cannot be scraped off, and any attempts to this end will cause most cells to be lost. Therefore, the membrane needs to be relatively dry. Still, the cells cannot be left completely dried, because this may induce stress response pathways and subsequently result in a loss of polysomes. Thus, correct timing and quick handling is very important here.
step 9
There are several reasons the lysate may be too viscous to be removed. First, genomic DNA might have been insufficiently digested by DNase I. This problem can be overcome by resuspending the pellet, adding 1-2 µl of DNase I to each 1.5-ml tube and incubating and centrifuging again as described in Steps 8 and 9. Second, too much cross-linker might have been used. Check whether this is the case by analyzing the amount of protein in the pellet fraction of cross-linked and non-cross-linked cells using SDS-PAGE. If the amount of protein is higher for cross-linked cells, we recommend reducing the cross-linker concentration.
step 10
A low concentration of nucleic acids and proteins in the lysate after centrifugation can be observed, which might be caused by a loss of cells from inefficient scraping of cells off the filter (Step 1C(iv) ). In addition, high concentrations of cross-linker could reduce yields if the lysate was too viscous (see TROUBLESHOOTING for Step 9). Here we recommend a careful titration of the cross-linker.
step 12
A loss in the amount of polysomes observed at this step is most likely a result of scraping the cells off the membrane during the rapid harvest too slowly (Step 1C(iv)). We have also detected a loss of polysomes upon insufficient lysis of cells in the mixer mill (e.g., when jars other than those recommended in the protocol were used). Furthermore, RNase contamination can cause the premature collapse of polysomes, which results in elevated monosome levels. In this case, it is beneficial to add RNase inhibitor to the lysate and sucrose gradient buffers before ultracentrifugation. Excessive cross-linking of the sample can also cause a loss of polysomes. In this case, the cross-linker concentration should be reduced.
step 18b(vii)
In the polysome profile after digest, a small shoulder for the disome peak should be present. If this shoulder is absent, it might indicate that polysomes were overdigested with MNase, which leads to an increased amount of rRNA contamination in the sample. Although such an overdigestion can often be determined from the Bioanalyzer results using a small RNA chip (step 38 in supplementary Methods), it can only be fully clarified after sequencing the sample. In this case, MNase should be titrated to lower concentrations. In addition, rRNA depletion (steps 76-83 in the supplementary Methods) can be included in the library preparation.
In contrast, small but distinct peaks for disomes and trisomes indicate an insufficiently efficient MNase digestion. This scenario will lead to a loss of footprint fragments with the correct size. Here we also recommend a careful titration of MNase and a careful evaluation of the experimental conditions upon RNA digestion. MNase activity can be influenced by different parameters, such as pH and digestion time.
Finally, excessive cross-linking can change the polysome profile markedly and can even lead to a loss of monosomes. The cross-linker concentration needs to be reduced in this case.
step 33
At this stage, a low yield of purified factor-RNCs can be encountered, which can have different reasons. First of all, most of the factor might not be associated with RNCs per se. In this case, the amount of cells can be increased or growth conditions may be used that are known to trigger factor interactions with RNCs.
Alternatively, existing complexes may not be stable enough and RNCs might be lost during digestion, ultracentrifugation and purification. This possibility can be explored by quantifying the amount of factor and RNCs that remain after the different purification steps (e.g., in the lysate, after ribosome isolation and during AP or IP) by SDS-PAGE and western blotting, as shown in Figures 4c,d, 5a and 9b . The use of a cleavable cross-linker (like DSP) enables the visualization of the samples before and after reversing the cross-link on a gel (Fig. 4c) . Stabilization of factor-RNCs may be achieved to some extent by lowering the temperature during the purification or by including or optimizing chemical cross-linking procedures. If implementing these stratagems is not possible, less rigorous washing might reduce the loss of RNCs.
Another possible reason for the observed low yield in factor-RNCs is that the conditions during ultracentrifugation might not have been suitable to deplete free factors, which then compete for binding to the affinity matrix. To circumvent this problem, the salt concentration during ultracentrifugation can be increased.
Furthermore, factor-RNCs may exist that cannot be purified. If this is the case, it should be tested whether alternative affinity matrices increase the purification yield, as exemplified in Figure 9b . Alternatively, the stringency during purification may be modified by changing the buffer composition (e.g., detergent and salt concentrations) or by reducing the washing time or the incubation temperature.
When using AviTagged factor, we sometimes observed incomplete biotinylation of the AviTag, which decreases the purification yield. Quantification of biotinylation can be performed by analyzing the input, unbound fraction and bound fraction of an AP. As such, the ratio between biotinylated and nonbiotinylated forms is determined by quantitative western blotting using a streptavidin conjugate (which detects the biotin moiety) and either a factor-specific antibody or a 'mouse anti-C-terminus AviTag antibody' (available from Avidity), which recognizes C-terminal AviTags irrespective of their biotinylation state. Biotinylation efficiency can be increased by the addition of biotin to the growth medium and coexpression of biotin ligase.
Although we used up to 100 µg of purified ribosomes for TF-SeRP, a concentration of as low as 5 µg of purified RNCs is, in our experience, sufficient to generate a sequencing library. Smaller amounts of RNCs can still be sufficient for library preparation, but the robustness of the procedure is compromised.
Finally, removal of unspecifically bound RNCs upon AP can be improved by a more stringent washing procedure, that is, by increasing salt and detergent concentration, increasing the washing time and/or steps, as well as transferring the matrix to a new reaction tube for every washing step.
• tIMInG
Step 1, cell growth and harvest: ~3. 
antIcIpateD results
Harvesting by centrifugation typically generates around 7.5 ml of lysate, yielding a nucleic acid concentration of 3.0-3.5 mg ml −1 . To obtain similar concentrations for rapid filtration, twice the volume of cell culture needs to be filtered (1 liter instead of 500 ml). Cells should be scraped off the membrane immediately after filtration, taking at most 10 s before the cells are plunged into liquid nitrogen. In this context, the priority is to be extremely fast and, therefore, we usually lose about 40-50% of cells during filtration with respect to centrifugation.
After ultracentrifugation, the concentration of nucleic acids should be 4-5 mg ml −1 , which corresponds to 3-4 nmol of isolated ribosomes (one A 260 unit equals roughly 23 nM of purified ribosomes). The expected nucleic acid concentration after TEV cleavage is 0.2-0.3 mg ml −1 , which corresponds to an amount of 40-60 pmol (70-100 µg) of isolated TF-RNCs. After acid phenol extraction, 60-85 µg of footprint fragments can be recovered, of which 50 µg are used for size selection on a polyacrylamide gel. The undiluted concentration of RNA footprint fragments determined by the Small RNA Bioanalyzer run should be 10-15 ng µl −1 , that is, ~150 ng of RNA, which corresponds to 14 pmol of footprints fragments (calculated with an average molecular weight of 340 g mol −1 for an RNA nucleotide and 31-nt average footprint length). The amount of gel-extracted control oligonucleotide is ~20 pmol. A measure of 5-10 pmol of control and footprint fragments are used for the following steps. Ultimately, the undiluted concentration of PCR products determined by the DNA Bioanalyzer run should be 3-4 ng µl −1 (40-50 nM) before samples are loaded on the sequencing chip.
